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Abstract
Limb skeletal muscle is derived from cells of the dermomyotome that detach and migrate into the limb buds to form separate dorsal and
ventral myogenic precursor domains. Myogenic precursor cell migration is dependent on limb bud mesenchymal expression of hepatocyte
growth factor/scatter factor (Hgf), which encodes a secreted ligand that signals to dermomyotome through the membrane receptor tyrosine
kinase Met. Here, we find that correct patterning of Hgf expression in forelimb buds is dependent on retinoic acid (RA) synthesized by
retinaldehyde dehydrogenase 2 (Raldh2) expressed proximally. Raldh2/ forelimb buds lack RA and display an anteroproximal shift in
expression of Hgf such that its normally separate dorsal and ventral expression domains are joined into a single anterior–proximal domain.
Met and MyoD are expressed in this abnormal domain, indicating that myogenic cell migration and differentiation are occurring in the
absence of RA, but in an abnormal location. An RA-reporter transgene revealed that RA signaling in the forelimb bud normally exists in
a gradient across the proximodistal axis, but uniformly across the anteroposterior axis, with all proximal limb bud cells exhibiting activity.
Expression of Bmp4, an inhibitor of Hgf expression, is increased and shifted anteroproximally in Raldh2/ limb buds, thus encroaching
into the normal expression domain of Hgf. Our studies suggest that RA signaling provides proximodistal information for limb buds that
counterbalances Bmp signaling, which in turn helps mediate proximodistal and anteroposterior patterning of Hgf expression to correctly
direct migration of Met-expressing myogenic precursor cells.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Whereas the skeletal components of the vertebrate limb
bud are derived from the directly adjacent lateral plate
mesoderm that proliferates when the limb bud emerges,
limb muscle is derived from ventrolateral epithelial cells of
the somitic dermomyotome that detach at an early stage and
migrate into the limb in a spatially defined pattern to form
muscle (Christ et al., 1977; Chevallier et al., 1977; Buck-
ingham et al., 2003). Epitheliomesenchymal transformation
of dermomyotome cells and their migration into limb buds
is dependent on their expression of the membrane receptor
tyrosine kinase Met (Cooper et al., 1984; Bladt et al., 1995;
Yang et al., 1996). Limb muscle formation is also dependent
on expression of hepatocyte growth factor/scatter factor
(Hgf) in the limb field lateral plate mesoderm and limb bud
mesenchyme, which provides migratory guidance for Met-
expressing myogenic precursor cells (Schmidt et al., 1995;
Dietrich et al., 1999). Hgf is secreted and functions as a
ligand for Met, thus providing the signaling mechanism
needed for deepithelialization of Met-expressing dermo-
myotome cells and their subsequent migration into limb
buds to generate limb muscle (Stoker et al., 1987).
Hgf expression has been found to be regulated by signals
involved in patterning of chick limb buds. The zone of
polarizing activity (ZPA) resides in a region of posterior
limb mesenchyme expressing sonic hedgehog (Shh) (Riddle
et al., 1993) and bone morphogenetic protein (Bmp) (Fran-
cis et al., 1994). Removal of the ZPA in chick limb buds
results in ectopic and enhanced Hgf expression in posterior
limb mesenchyme (Scaal et al., 1999). Also, evidence has
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been presented that Bmp, rather than Shh, functions as an
inhibitor of Hgf expression in chick limb buds (Scaal et al.,
1999). Thus, there is evidence that the Bmp signaling path-
way may act to prevent Hgf expression in the posterior limb
bud mesenchyme, thus preventing Met-expressing myo-
genic precursor cells from encroaching too far in the pos-
terior direction as they migrate distally.
We now provide further insight into the signaling mecha-
nisms involved during limb myogenesis by examining the role
of retinoic acid (RA). RA is a small lipophilic molecule de-
rived from vitamin A, which functions as a ligand controlling
the transcriptional regulatory activity of the nuclear RA recep-
tors RAR, RAR, and RAR (Mangelsdorf et al., 1994;
Kastner et al., 1995). RA is required for the development of
multiple embryonic tissues (De Luca, 1991; Clagett-Dame and
DeLuca, 2002), including the limb buds (Stratford et al., 1996;
Power et al., 1999; Niederreither et al., 2002). RA is generated
from retinol (vitamin A) by several enzyme families, including
alcohol dehydrogenase (Adh) (Duester, 2000; Molotkov et al.,
2002a, 2002b), retinol dehydrogenase (Rdh) (Shang et al.,
2002; Napoli, 1999), and retinaldehyde dehydrogenase (Raldh)
(Mic et al., 2002; Niederreither et al., 1999). These enzymes
perform a two-step metabolic process, which begins with ox-
idation of retinol to retinaldehyde by Adh or Rdh, followed by
oxidation of retinaldehyde to RA by Raldh. Genetic studies
have demonstrated that Raldh2 plays a particularly critical role
in RA synthesis as Raldh2/ embryos lack mesodermal RA
synthesis and fail to develop beyond E8.5 (Mic et al., 2002;
Niederreither et al., 1999). Raldh2/ embryonic growth can
be substantially rescued by maternal RA administration on
E7–E8, thus allowing examination of embryonic development
in the absence of RA synthesized by Raldh2 up until E11.5
(Mic et al., 2002). Such embryos display nearly normal overall
growth, but forelimb bud growth is significantly decreased.
Hindlimb bud growth in rescued Raldh2/ embryos is nor-
mal, possibly due to expression of Raldh3 in the adjacent
posterior mesonephros, which may provide RA to the hindlimb
buds by diffusion (Mic et al., 2002). Here, examination of
myogenesis in forelimb buds of rescued Raldh2/ embryos
provides evidence that RA signaling is required for proper
Fig. 1. Loss of Raldh2 function alters pattern of Hgf and Met expression in forelimb buds. Examination of Hgf mRNA (A, B) and Met mRNA (C, D) by
whole-mount in situ hybridization in E10.5 wild-type (WT) and Raldh2/ (/) forelimb buds is shown from a distal view point. Note that expression of
both Hgf and Met is shifted to a single anterior domain in the mutant forelimb buds, rather than existing as distinct dorsal and ventral domains as observed
in WT. A, anterior; D, dorsal; d, dermomyotome; P, posterior; V, ventral.
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spatial expression of Hgf in limb bud mesenchyme that then
directs migration of Met-expressing myogenic precursor cells
from the dermomyotome into the limb buds.
Materials and methods
Retinoic acid detection and in situ hybridization
Detection of RA was performed in embryos carrying
the RARE-lacZ RA-reporter gene by staining for -ga-
lactosidase activity in situ using 5-bromo-4-chloro-3-in-
dolyl--D-galactopyranoside (X-gal) as substrate (Ros-
sant et al., 1991). Raldh2/ mice were mated to RARE-
lacZ mice to generate a strain of Raldh2/ mice
carrying RARE-lacZ as identified by Southern blot anal-
ysis.
Embryos were examined for gene expression by
whole-mount in situ hybridization as described (Wilkin-
son, 1992). Stained embryos were embedded in 3% aga-
rose and sectioned with a vibratome transversely at 50
m.
Fig. 2. Loss of RA signaling results in an anterior shift in forelimb bud Hgf and Met expression. Transverse sections through the E10.5 embryos shown in Fig. 1
show the expression patterns of Hgf (A–F) and Met (G–L) across the anteroposterior axis. (A, D, G, J) Anterior; (B, E, H, K) center; (C, F, I, L) posterior. Hgf and
Met expression in Raldh2/ (/) embryos is skewed much more to the anterior side compared with what is observed in wild-type (WT) embryos.
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Generation of conditionally rescued Raldh2/ embryos
Conditional rescue of Raldh2/ embryos was per-
formed as described (Mic et al., 2002) to provide all
Raldh2/ embryos used here for analysis of forelimb bud
development. Briefly, all-trans-RA (Sigma Chemical Co.)
was dissolved in corn oil and administered orally to timed-
pregnant mice (2.5 mg/kg) at 12-h intervals on embryonic
days E7.25, E7.75, and E8.25 to stimulate growth of
Raldh2/ embryos beyond E8.5 for examination at stages
E9.75–E11.5 (by E12.5, Raldh2/ embryos were in the
process of resorption and did not provide any further infor-
mation). RA administered by this method has been shown to
be cleared by at least E9.25 (24 h after the last RA dose) as
monitored in mice carrying the RARE-lacZ RA-reporter
gene, where the decay of -galactosidase activity was mea-
sured following the last RA dose at E8.25 (Mic et al., 2002).
Thus, RARE-lacZ expression reported here at E10.25–E10.5
is indicative of endogenously synthesized RA and does not
represent the administered RA.
Results
RA is required for patterning of myogenic precursor cells
into separate dorsal and ventral domains
In order to investigate whether a loss of RA signaling
effects limb myogenesis, expression of Hgf and Met was
examined. In E10.5 wild-type forelimb buds, Hgf and
Met mRNAs were expressed in overlapping dorsal and
ventral domains, with no expression in the central region
between (Fig. 1A and C). The observed overlap in Met
and Hgf expression correlates with the previously estab-
lished roles of Met as a receptor in migrating myogenic
cells, and Hgf as a ligand secreted from limb bud mes-
enchyme providing directional guidance for Met-express-
ing myogenic precursor cells to generate the dorsal and
ventral premuscle masses. Raldh2/ forelimb buds were
greatly reduced in size, plus Hgf and Met mRNAs were
not localized in two distinct dorsal and ventral domains,
but were instead each present as a single expression
domain across the dorsoventral axis, shifted to the ante-
rior margin (Fig. 1B and D). Met mRNA was also de-
tected in the dermomyotome where myogenic cells orig-
inate, and this was not affected by loss of Raldh2
function (Fig. 1C and D). As Hgf and Met expression was
still easily detected in Raldh2/ forelimb buds, although
in the wrong location, RA signaling does not appear to be
needed for expression of either gene. Instead, these re-
sults suggest that a loss of RA signaling leads to abnor-
mal patterning of Hgf expression in limb bud mesoderm,
resulting in abnormal spatial migration of myogenic pre-
cursor cells expressing Met.
Loss of RA signaling results in anterior shift in myogenic
patterning
The abnormal pattern of Hgf and Met expression in
Raldh2/ forelimb buds was examined across the antero-
posterior axis in transverse sections of E10.5 whole-mount
embryos. In wild-type forelimb buds, Hgf mRNA was ob-
served at highest levels in the center of the anteroposterior
axis where separate ventral and dorsal domains were ob-
served (Fig. 2A–C). In contrast, Hgf mRNA in Raldh2/
forelimb buds was highest in the anterior region, and no
distinct dorsal or ventral domains were observed in any
sections across the anteroposterior axis (Fig. 2D–F). Essen-
tially the same pattern of expression was observed for Met
in wild-type and Raldh2/ forelimb buds (Fig. 2G–L).
These findings indicate that expression of Hgf and Met in
Raldh2/ forelimb buds occurs at much higher levels an-
teriorly with very little mRNA detected posteriorly.
Myogenesis in Raldh2/ forelimb buds is shifted to a
single anterior–proximal domain
Raldh2/ forelimb buds exhibited some growth be-
tween E10.5 and E11.5, but were still much smaller than
wild-type forelimb buds along the anteroposterior, dorso-
ventral, and proximodistal axes, plus they lacked a defined
autopod which wild-type embryos clearly possessed by
E11.5 (Fig. 3). In E11.5 wild-type forelimb buds, Met
mRNA was detected at highest levels in the center of the
anteroposterior axis and as far distally as the autopod (Fig.
3A). However, in E11.5 Raldh2/ forelimb buds, Met
mRNA was limited to an anterior–proximal domain, with
very little Met mRNA in the center of the anteroposterior
axis and none being observed distally where the autopod
would normally be developing (Fig. 3B). Thus, the anterior
shift of Met mRNA described above in E10.5 Raldh2/
forelimb buds persists at E11.5, and a proximal shift in Met
mRNA is also shown here at E11.5. The existence of this
abnormal anterior–proximal domain of Met expression in
forelimb buds indicates that myogenic cell migration from
the dermomyotome has indeed occurred in the absence of
RA signaling, but that the pattern of migration has been
severely altered along the anteroposterior and proximodistal
axes of the forelimb.
The downstream effect of altered Hgf/Met expression on
myogenesis was investigated through analysis of MyoD, a
basic-helix–loop–helix transcription factor that programs
differentiation of myogenic precursor cells into skeletal
muscle (Rudnicki et al., 1993). In Raldh2/ forelimb buds
at E11.5, MyoD mRNA was shifted anteriorly and proxi-
mally, being limited to the same small anterior–proximal
domain observed for Met (Fig. 3C and D). These findings
indicate that RA signaling is not needed for expression of
MyoD. In the absence of RA, myogenic cells migrate to a
single abnormal domain and begin to differentiate into mus-
cle as evidenced by MyoD expression.
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Raldh2/ hindlimb buds at E11.5 exhibited similar
growth to wild-type, and performed the muscle migration
and differentiation programs relatively normally, with Met
and MyoD mRNAs localized similarly to wild-type (Fig. 3).
As pointed out previously, this may be due to the fact that
Raldh3 (encoding another RA-synthesizing enzyme) is ex-
pressed adjacent to the hindlimb bud in the posterior meso-
nephros, potentially providing another source of RA for
hindlimb bud development that is not available to forelimb
buds (Mic et al., 2002).
RA signaling activity in the forelimb bud field and effect
of Raldh2 deficiency
RA signaling activity in and around the forelimb buds
was localized by using mice carrying the RARE-lacZ RA-
reporter transgene, in which expression of lacZ (encoding
-galactosidase) is transcriptionally controlled by a retinoic
acid response element (RARE) (Rossant et al., 1991). Pre-
vious comparisons of wild-type and Raldh2/ embryos
carrying RARE-lacZ have demonstrated that trunk meso-
derm normally exhibits high levels of Raldh2 and RARE-
lacZ expression, but that most trunk RARE-lacZ expression
is eliminated when Raldh2 function is genetically disrupted,
indicating that RA synthesis is occurring in trunk mesoderm
(Mic et al., 2002). Here, expression of Raldh2 and RARE-
lacZ in E10.5 wild-type embryos was observed in trunk
tissues surrounding the forelimb bud, but RARE-lacZ ex-
pression was severely reduced in Raldh2/ embryos,
which also suffered a large reduction in forelimb bud out-
growth (Fig. 4A–C). Transverse sections of E10.5 wild-type
and Raldh2/ embryos demonstrated that RARE-lacZ ex-
pression occurs in the proximal forelimb mesenchyme and
surrounding trunk mesoderm, but this was totally lost in
Raldh2/ embryos (Fig. 4E and F). In Raldh2/ em-
bryos, RARE-lacZ expression was still observed in the heart
(Fig. 4C) and neural tube (Fig. 4C and F), presumably due
to novel RA-generating activities distinct from Raldh2 (Mic
et al., 2002). However, these sites are evidently too distant
to provide RA needed for normal forelimb bud development
as evidenced by the severe reduction in outgrowth.
A transverse section shows that Raldh2 expression in
wild-type E10.5 embryos occurs at high levels in somites
(including dermomyotome) and lateral plate mesoderm, at
low levels in forelimb bud proximal mesoderm plus the
tissue immediately dorsal extending to the dermomyotome,
but not in distal forelimb bud tissue (Fig. 4D). A compari-
son of the expression patterns of Raldh2 and RARE-lacZ in
transverse sections of wild-type embryos (Fig. 4D and E) is
consistent with RA being generated proximally in the fore-
limb bud field, and traveling some distance distally into the
limb beyond the region where it is locally synthesized.
Thus, it is apparent that a proximal-high gradient of RA
activity exists along the proximodistal axis of the forelimb
bud. Our results show that RARE-lacZ expression located in
distal limb tissue is dependent on Raldh2 function (Fig. 4F),
even though Raldh2 is not expressed there. This may be due
to distal diffusion of RA from proximal Raldh2-expressing
cells, or distal migration of RARE-lacZ-expressing cells that
still maintain -galactosidase activity, but no longer contain
Raldh2 mRNA.
RARE-lacZ expression in the proximal forelimb bud
mesenchyme was always observed to be higher dorsally
than ventrally, but in some transverse sections, it was ob-
served to have higher activity both dorsally and ventrally
(Fig. 4E; evident in the right limb bud but not so clear in the
left limb bud). The higher RARE-lacZ expression observed
within the dorsal and ventral domains of the forelimb bud is
consistent with these domains containing former dermo-
myotome cells that expressed Raldh2 and RARE-lacZ at
high levels in the somites prior to migration, with -galac-
tosidase activity still persisting in some of these cells as they
migrate distally into the limb: However, this does not mean
that RA signaling is limited to the migrating myogenic cells
as all cells of the proximal limb express RARE-lacZ as
shown below.
Examination of RARE-lacZ expression in E10.25 wild-
type and Raldh2/ forelimb buds shows that RA activity is
normally uniformly distributed across the anteroposterior
axis, and this is totally lost in the mutant (Fig. 4G and H).
Thus, there is no anteroposterior gradient of RA activity as
previously hypothesized in studies performed on chick limb
buds (Thaller and Eichele, 1987). A transverse section
through a wild-type E10.25 forelimb bud demonstrates that
RARE-lacZ expression is present in all cells of the proximal
limb bud, with higher expression observed dorsally (Fig.
4I). This provides evidence that RA signaling is occurring in
both limb bud mesenchyme and migrating myogenic cells.
Unlike the synthetic RARE-lacZ transgene, which detects
RA activity in any cell type (Rossant et al., 1991), expres-
sion of the endogenous retinoic acid receptor  (RAR)
gene, which contains a retinoic acid response element, is
more limited due to its complex promoter/enhancer struc-
ture (De The´ et al., 1990). As an endogenous marker of RA
activity in forelimb buds, we examined Raldh2/ embryos
for expression of RAR mRNA, which has previously been
shown to be limited to proximal mesenchyme in limb buds
(Mendelsohn et al., 1991). In transverse sections of wild-
type E10.5 embryos, RAR mRNA was localized in a
proximodorsal domain in the forelimb bud as well as a
dorsal domain in the neural tube, and both these expression
domains were essentially eliminated in the Raldh2/ fore-
limb bud (Fig. 4J and K). As RAR is an endogenous RA
target gene, this provides further evidence that RA signaling
has been disrupted in Raldh2/ forelimb buds. We further
note that RAR expression occurs in the same proximodor-
sal region where RARE-lacZ expression is observed at high-
est levels (Fig. 4I), suggesting that enhanced RA receptor
levels in that location are responsible for the higher RARE-
lacZ expression observed.
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Loss of RA signaling has reciprocal effects on Bmp4 and
Hgf expression
As signaling by Bmp, but not Shh, has been shown to
effect Hgf expression in chick limb buds (Scaal et al., 1999),
we compared expression of Shh, Bmp4, Hgf, and Met in
mouse E10.25 wild-type and Raldh2/ forelimb buds.
Loss of RA signaling in Raldh2/ forelimb buds results in
Shh mRNA being reduced and shifted along the anteropos-
terior axis, such that it is now present in a small domain
centered at the distal tip rather than a small domain located
posteriorly (Fig. 5A and B). In Raldh2/ forelimbs buds,
Bmp4 mRNA is greatly expanded anteriorly and proximally
such that it now covers more than half of the forelimb bud
rather than being limited to two small domains located
posteriorly and anteriorly along the outer limb bud margin
(Fig. 5C and D). In Raldh2/ forelimbs, Hgf mRNA is
shifted to an anterior–proximal domain rather than being
present across most of the anteroposterior and proximodistal
axes (Fig. 5E and F). The same anterior–proximal shift was
observed for Met mRNA in Raldh2/ forelimbs (Fig. 5G
and H). For comparison, RARE-lacZ expression in E10.25
embryos shows RA activity occurring in a gradient along
the proximodistal axis and uniformly along the anteropos-
terior axis of wild-type forelimbs, but complete loss of RA
activity in Raldh2/ forelimbs (Fig. 5I and J). These re-
sults indicate that the domain of Shh signaling is reduced in
Raldh2/ forelimbs, whereas the domain of Bmp4 signal-
ing is increased.
The above results demonstrate the existence of a recip-
rocal relationship between Bmp4 and Hgf mRNAs that may
be important for establishment of the Hgf expression do-
main. In wild-type forelimb buds, Hgf mRNA extends
across much of the anteroposterior and proximodistal axes,
but is absent along the outermost margin around the entire
forelimb (Fig. 5E). In contrast, Bmp4 mRNA is normally
located in much of this marginal tissue, where Hgf is not
expressed, with essentially no overlap between Bmp4 and
Hgf mRNAs; note that Bmp4 mRNA is stronger in posterior
margin and weaker in anterior margin (Fig. 5C and E). As
Bmp signaling has been demonstrated to reduce Hgf expres-
sion in chick limb buds (Scaal et al., 1999), Bmp4 expres-
sion in mouse forelimb buds may function to prevent Hgf
expression from occurring along the entire limb outer mar-
gin. In Raldh2/ forelimb buds, the domain of Bmp4
expression now fills the posterior–distal half of the limb,
whereas the domain of Hgf expression moves away from the
aberrant Bmp4 domain and is now restricted to the anterior–
proximal half of the limb, resulting still in no overlap
between Bmp4 and Hgf mRNAs (Fig. 5D and F). Thus, in
Fig. 3. Myogenic precursor cell migration and differentiation still occurs in Raldh2-deficient forelimb buds. (A, B) At E11.5, examination of Met mRNA by
whole-mount in situ hybridization reveals expression at an abnormal anterior–proximal site in the mutant (/) forelimb bud instead of being more spread
out across the anteroposterior and proximodistal axes as observed in wild-type (WT) forelimb buds. Thus, myogenic cell migration can occur in the absence
of RA, but migration is to an abnormal location. (C, D) The presence of MyoD mRNA in mutant forelimb buds at E11.5 demonstrates that myogenic
differentiation is occurring at the abnormal site of cell migration. A, anterior; f, forelimb bud; h, hindlimb bud; P, posterior.
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the absence of RA signaling, Bmp4 expression now en-
croaches into the domain where Hgf expression would nor-
mally exist, and Hgf expression retracts such that there is no
overlap.
The relationship observed between Hgf and Bmp4
mRNAs also exists between Met and Bmp4 mRNAs in
wild-type (Fig. 5C and G) and Raldh2/ (Fig. 5D and H)
forelimb buds. This is presumably due to the role of Hgf in
Fig. 4. Localization of RA signaling in forelimb buds. (A) Raldh2 mRNA detected by whole-mount in situ hybridization and (B, C) RARE-lacZ expression detected
by -galactosidase staining in the forelimb bud field of wild-type (WT) and Raldh2/ (/) embryos at E10.5. Notice the large reduction in RARE-lacZ expression
in trunk tissues surrounding the mutant forelimb bud, which displays reduced outgrowth. (D) Raldh2 mRNA in transverse section of E10.5 wild-type embryo
demonstrating high expression in the somites (including dermomyotome) and lateral plate mesoderm, and weak in proximal limb mesoderm. (E, F) RARE-lacZ
expression in transverse sections of E10.5 embryos. Expression in WT embryos extends from the dermomyotome into the forelimb bud with highest activity dorsally
and proximally, but expression is totally missing in Raldh2/ forelimb buds. (G, H) RARE-lacZ expression at E10.25 showing a uniform distribution of RA
signaling across the anteroposterior axis of the WT forelimb, but a proximal high gradient of RA signaling across the proximodistal axis; no RA signaling is observed
in the mutant forelimb. (I) A transverse section through an E10.25 WT embryo carrying RARE-lacZ shows that all cells of the proximal limb are subjected to RA
signaling, but that a higher level of signaling exists dorsally. (J, K) RAR mRNA in transverse sections of E10.5 embryos demonstrating expression in the
proximodorsal region of WT forelimb buds, but little or no signal in Raldh2/ forelimb buds. A, anterior; D, dorsal; dm, dermomyotome; di, distal; lpm, lateral
plate mesoderm; n, neural tube; P, posterior; pr, proximal; s, somite; sc, sclerotome; V, ventral.
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attracting Met-expressing cells to its expression domain.
Shh is also expressed in the posterior margin, but as it is not
expressed in the anterior margin, its expression is not con-
sistent with an effect on preventing Hgf expression along
the entire limb margin in wild-type embryos (Fig. 5A). In
addition, chick limb buds treated with Shh do not exhibit a
decrease in Hgf expression (Scaal et al., 1999). Also, the
observation that Shh expression is reduced in Raldh2/
forelimbs (Fig. 5A and B) seems to be inconsistent with Shh
playing a direct role in the altered Hgf expression observed.
Discussion
The loss of RA signaling that occurs in Raldh2/ em-
bryos results in defects in forelimb bud muscle develop-
ment. RA has previously been shown to be required for
outgrowth of mouse forelimb buds (Mic et al., 2002; Nied-
erreither et al., 2002), but a requirement for RA in limb
muscle development has not been reported. Our results
indicate that RA signaling is required for proper migration
of myogenic cells into distinct dorsal and ventral pre-muscle
masses. This conclusion is based on the observed major
effects of a loss of RA signaling on the expression patterns
of Hgf and Met, two genes required for myogenic cell
migration into limb buds. Our investigation provides evi-
dence that migration of myogenic precursor cells from the
dermomyotome into the forelimb is occurring in the absence
of RA signaling, but that the pattern of migration is abnor-
mal. We further suggest that RA signaling is necessary to
restrict expression of Bmp4 (an inhibitor of Hgf expression)
to the outer limb margin, and that aberrant anterior–proxi-
mal expansion of Bmp4 in the absence of RA signaling may
be a key factor interfering with Hgf expression needed to
pattern migration of Met-expressing myogenic precursor
cells as they travel from the dermomyotome to the forelimb
buds.
RA signaling provides spatial guidance for migrating
myogenic precursor cells
Our findings indicate that a loss of RA signaling in
Raldh2/ forelimb buds results in migration of myogenic
precursor cells expressing Hgf and Met to an abnormal
anterior–proximal location, thus eliminating the normal pat-
terning that these cells undergo during migration. We found
that Hgf expression in Raldh2/ forelimb buds was shifted
to a single abnormal anterior–proximal domain rather than
existing in two separate dorsal and ventral domains.
Raldh2/ forelimb buds also exhibited expression of Met
in this same abnormal anterior–proximal domain, thus dem-
onstrating defects in migration of Met-expressing myogenic
precursor cells toward Hgf-expressing cells along the an-
teroposterior and proximodistal axes, preventing formation
of the normally separate dorsal and ventral premuscle
masses. Our observation that MyoD expression in
Raldh2/ forelimb buds is also limited to this single ab-
normal anterior–proximal domain of Hgf and Met expres-
sion demonstrates that this domain contains the differenti-
ating myoblasts of the limb skeletal premuscle mass. Our
results suggest that RA signaling is required to establish the
correct limb bud polarity required for normal myogenic
precursor cell migration. This is consistent with RA signal-
ing regulating genes involved in limb bud polarity, with this
effect then translating to effects on the pattern of myogenic
precursor cell migration.
RA signaling during forelimb bud development
It has been established that Raldh2 is responsible for
synthesis of RA needed during forelimb bud development
(Mic et al., 2002; Niederreither et al., 2002). The findings
reported here using Raldh2/ embryos carrying the RA-
reporter gene RARE-lacZ demonstrate that a loss of Raldh2
function leads to a complete loss of RARE-lacZ expression
in the forelimb bud field. Thus, Raldh2 is responsible for all
RA synthesized in the forelimb bud field. This is further
supported in Raldh2/ forelimb buds by the observed
downregulation of RAR, a gene containing a retinoic acid
response element that is normally expressed in the proximal
region of the limb buds (Mendelsohn et al., 1991).
The RARE-lacZ findings indicate that RA signaling is
normally highest in the somites, lateral plate mesoderm, and
proximal region of the limb bud. This matches the locations
where Raldh2 is expressed in the forelimb bud field. Our
analysis of Raldh2 mRNA suggests that, when dermomyo-
tome cells containing high levels of Raldh2 detach and
begin to migrate into the proximal limb to form muscle
progenitor cells, they begin to downregulate Raldh2 expres-
sion. Also, when lateral plate mesoderm cells containing
high levels of Raldh2 mRNA proliferate into the proximal
limb to form skeletal progenitor cells, they downregulate
Raldh2 expression. This suggests that the effect of RA
signaling on myogenic cell migration happens early when
the forelimb is just budding, and when myogenic cells are
migrating from the dermomyotome and entering the limb.
During this time, all cells of the proximal forelimb bud
express RARE-lacZ. Thus, proliferating limb bud mesen-
chyme cells expressing Hgf and migrating myogenic cells
expressing Met are both exposed to RA signaling, suggest-
ing there is no preferential action of RA on one or the other.
In the absence of RA signaling, both Hgf and Met are still
expressed (albeit in an abnormal anterior–proximal do-
main), indicating that RA is not needed to induce expression
of these genes. Also, MyoD is expressed in this abnormal
anterior–proximal domain, indicating that RA signaling is
not needed to induce myogenic differentiation. Instead, our
results suggest that RA signaling functions in limb bud
patterning needed to establish the correct migration pathway
for myogenic cells.
As the RA receptors RAR and RAR are both ex-
pressed uniformly throughout the limb bud (Dolle´ et al.,
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1989), it is clear that all cells in the forelimb bud can
respond to RA. We in fact observed that all cells of the
proximal forelimb bud respond to RA produced by Raldh2.
The higher level of RARE-lacZ expression we observed in
the dorsal forelimb bud is most likely due to RAR expres-
sion in that location, providing additional RA receptors.
However, it is unclear what significance dorsal RAR ex-
pression has during forelimb bud development as RAR/
mice have normal forelimbs (Ghyselinck et al., 1997). Thus,
it does not seem essential that higher RA signaling occurs
dorsally during forelimb bud development, but this may still
be needed for mice developing in the wild perhaps under
conditions of vitamin A deficiency when the amount of RA
ligand available for receptors is reduced.
Relationship between Bmp signaling and limb myogenic
patterning
We report here an effect of RA signaling on expression
of Shh (Riddle et al., 1993) and Bmp4 (Francis et al., 1994),
two genes involved in regulating limb bud patterning, that
are normally expressed in the outer margin of the limb buds.
A negative interaction between Hgf expression and Bmp
signaling may occur in chick limb buds as it has been
demonstrated that removal of the ZPA (where Bmp is ex-
pressed) leads to posterior expansion of Hgf expression, and
introduction of Bmp anteriorly reduces Hgf expression
(Scaal et al., 1999). An inhibitory effect of Shh on Hgf
expression was not observed in chick limb buds (Scaal et
al., 1999). Thus, Bmp rather than Shh produced in the ZPA
may normally prevent Hgf expression in posterior meso-
derm which would then account for the normal lack of
migration of Met-expressing myogenic cells into the poste-
rior outer margin. However, Hgf expression is also not
present in the anterior outer margin of the limb bud, far from
the ZPA. This may be explained by the fact that Bmp4
expression is not limited to the ZPA (posterior outer mar-
gin) but occurs also along the anterior outer margin of the
limb (Francis et al., 1994). We have noted here a nonover-
lapping reciprocal relationship between Bmp4 and Hgf ex-
pression in mouse limb buds, with Bmp4 normally ex-
pressed along the outer margin (high posteriorly and low
anteriorly) and Hgf normally expressed roughly inside the
boundaries set by Bmp4 expression. A reciprocal relation-
ship is also observed in Raldh2/ forelimbs, as the large
anterior–proximal shift in Bmp4 expression we observed is
accompanied by a complementary anterior–proximal shift
in Hgf expression in the limb bud mesenchyme, as well as
an anterior–proximal shift in migration of myogenic precur-
sor cells expressing Met. Raldh2/ forelimbs also possess
an anteriorly shifted domain of Shh expression, but this is
much smaller than the altered domain of Bmp4 observed,
and it does not encroach into the normal expression domains
of Hgf and Met. Thus, consistent with previous studies in
chick limbs (Scaal et al., 1999), we suggest that Bmp rather
than Shh signaling may be responsible for altering the
pattern of myogenic cell migration in Raldh2/ forelimb
buds.
Control of Bmp signaling by RA signaling
It was previously hypothesized in studies performed on
chick limb buds that an anteroposterior RA gradient exists
with the high point posteriorly in the ZPA (Thaller and
Eichele, 1987). However, later studies demonstrated that the
ZPA is not site of RA synthesis, thus providing doubt that
an anteroposterior RA gradient exists (Wanek et al., 1991;
Noji et al., 1991). Here, we have demonstrated that RA
activity is distributed uniformly across the anteroposterior
axis of mouse forelimb buds, but that a proximodistal RA
gradient exists with the high point proximally where Raldh2
is expressed. In addition, our findings suggest that RA
signaling inhibits Bmp4 expression proximally, as a loss of
RA signaling in Raldh2/ forelimbs leads to a proximal
expansion of Bmp4 expression. Our findings, combined
with previous studies showing a negative effect of Bmp
signaling on Hgf expression in chick limb buds (Scaal et al.,
1999), suggests a mechanism for how RA signaling may
effect limb muscle patterning. We suggest that RA signaling
emanating from the proximal limb establishes an environ-
ment in the distal limb that leads to marginalization of Bmp4
expression, i.e., limitation of Bmp4 expression to the outer
margin of the limb furthest away from the source of RA
signaling. Bmp4 secreted from the outer margin may then
act to limit the extent of Hgf expression in the limb mes-
enchyme and prevent it from occurring in the outer limb
margin. Consistent with this hypothesis, limitation of wild-
type Hgf expression near the outer limb margin is observed
to a greater extent posteriorly where Bmp4 expression is
highest, and to a lesser extent anteriorly where Bmp4 ex-
pression is lowest (Fig. 5C and E). As expression of Bmp4
mRNA was not observed completely around the margin,
secretion of Bmp4 from cells expressing the Bmp4 gene
may enable its action to extend a certain distance beyond
expressing cells, thus encompassing the entire outer margin.
Even though we provide evidence that RA activity ap-
pears to be uniform along the anteroposterior axis of the
forelimb bud, RA does control posterior expression of sev-
eral genes, and this may result in higher Bmp4 expression in
the posterior margin of the limb compared with the anterior
margin. One anteroposterior signal dependent on RA is Shh,
whose expression is normally limited posteriorly to the ZPA
and which is induced in chick limb buds by RA (Riddle et
al., 1993). It has been demonstrated that application of RA
or ZPA grafts induces Bmp2 expression in chick limb buds
(Francis et al., 1994), presumably through a Shh-dependent
mechanism. Thus, expression of the related gene Bmp4 may
be similarly upregulated by Shh, accounting for higher
Bmp4 expression along the posterior margin of the limb.
Our findings and those of others (Niederreither et al., 2002)
have demonstrated that a loss of RA signaling in Raldh2/
forelimbs leads to anterior expansion of Shh expression
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associated with increased anterior expression of Bmp4 in
our studies and ectopic anterior expression of Bmp2 in the
previous study. Another gene implicated in anteroposterior
regulation of limb gene expression is dHand (encoding a
basic helix–loop–helix transcription factor), which is
needed for Shh expression in limb buds and which is ex-
pressed in the posterior region of the limb prior to Shh
(Charite et al., 2000; Fernandez-Teran et al., 2000). In
Raldh2/ forelimbs, it was observed that dHand expres-
sion expands anteriorly in the forelimb bud (Niederreither et
al., 2002). Thus, by limiting dHand and Shh expression to
the posterior limb, RA may indirectly influence the antero-
posterior patterning of Bmp2 and Bmp4 expression.
In summary, we provide evidence that RA signaling
provides directional guidance for migrating Met-expressing
myogenic cells via an effect on spatial patterning of Hgf
expression. We suggest that this may be mediated by an
effect of RA signaling on Bmp4, which then regulates Hgf.
It is likely that additional signals are also needed to fully
define the expression domains of both Bmp4 and Hgf during
limb bud development.
Acknowledgments
We thank V. Giguere (RAR), R. Zarnegar (Hgf and
Met), B. Hogan (Bmp4), A. McMahon (Shh), and A. Buo-
nanno (MyoD) for in situ hybridization probes; and J. Ros-
sant for providing RARE-lacZ mice. This work was funded
by National Institutes of Health Grant GM62848 (to G.D.).
References
Bladt, F., Riethmacher, D., Isenmann, S., Aguzzi, A., Birchmeier, C., 1995.
Essential role for the c-met receptor in the migration of myogenic
precursor cells into the limb bud. Nature 376, 768–771.
Buckingham, M., Bajard, L., Chang, T., Daubas, P., Hadchouel, J., Meil-
hac, S., Montarras, D., Rocancourt, D., Relaix, F., 2003. The formation
of skeletal muscle: from somite to limb. J. Anat. 202, 59–68.
Charite, J., McFadden, D.G., Olson, E.N., 2000. The bHLH transcription
factor dHAND controls Sonic hedgehog expression and establishment
of the zone of polarizing activity during limb development. Develop-
ment 127, 2461–2470.
Fig. 5. Altered patterning of Shh and Bmp4 expression in Raldh2/
forelimb buds mirrors the shift in patterning of Hgf and Met expression.
Whole-mount in situ hybridization results for E10.25 wild-type (WT) and
Raldh2/ (/) forelimbs buds are shown from a dorsal view for Shh
mRNA (A, B), Bmp4 mRNA (C, D), Hgf mRNA (E, F), and Met mRNA
(G, H). For comparison, RARE-lacZ expression (I, J) detected by -galac-
tosidase staining is shown in a dorsal view of E10.25 forelimb buds. In WT
forelimb buds, Shh and Bmp4 mRNAs are limited to domains in the outer
margin (om), and neither overlap with Hgf and Met mRNAs, which are
expressed internally and excluded from the outer margin. In Raldh2/
forelimb buds lacking RA signaling, Shh and Bmp4 mRNAs are shifted
anteriorly (with Bmp4 expression now encompassing a large portion of the
limb), plus Hgf and Met mRNAs are shifted anteriorly and proximally such
that they still do not overlap Shh and Bmp4 mRNAs. A, anterior; di, distal;
om, outer margin; P, posterior; pr, proximal.
200 F.A. Mic, G. Duester / Developmental Biology 264 (2003) 191–201
Chevallier, A., Kieny, M., Mauger, A., 1977. Limb–somite relationship:
origin of the wing musculature. J. Embryol. Exp. Morphol. 41, 245–
258.
Christ, B., Jacob, H.J., Jacob, M., 1977. Experimental analysis of the origin
of wing musculature in avian embryos. Anat. Embryol. 150, 171–186.
Clagett-Dame, M., DeLuca, H.F., 2002. The role of vitamin A in mam-
malian reproduction and embryonic development. Annu. Rev. Nutr. 22,
347–381.
Cooper, C.S., Park, M., Blair, D.G., Tainsky, M.A., Huebner, K., Croce,
C.M., Van de Woude, G.F., 1984. Molecular cloning of a new trans-
forming gene from a chemically transformed human cell line. Nature
311, 29–34.
De Luca, L.M., 1991. Retinoids and their receptors in differentiation,
embryogenesis, and neoplasia. FASEB J. 5, 2924–2933.
De The´, H., Vivanco-Ruiz, M.D.M., Tiollais, P., Stunnenberg, H., Dejean,
A., 1990. Identification of a retinoic acid responsive element in the
retinoic acid receptor  gene. Nature 343, 177–180.
Dietrich, S., Abou-Rebyeh, F., Brohmann, H., Bladt, F., Sonnenberg-
Riethmacher, E., Yamaai, T., Lumsden, A., Brand-Saberi, B., Birch-
meier, C., 1999. The role of SF/HGF and c-Met in the development of
skeletal muscle. Development 126, 1621–1629.
Dolle´, P., Ruberte, E., Kastner, P., Petkovich, M., Stoner, C.M., Gudas,
L.J., Chambon, P., 1989. Differential expression of genes encoding ,
 and gamma retinoic acid receptors and CRABP in the developing
limbs of the mouse. Nature 343, 702–705.
Duester, G., 2000. Families of retinoid dehydrogenases regulating vitamin
A function: production of visual pigment and retinoic acid. Eur. J. Bio-
chem. 267, 4315–4324.
Fernandez-Teran, M., Piedra, M.E., Kathiriya, I.S., Srivatava, D., Rodri-
guez-Rey, J.C., Ros, M.A., 2000. Role of dHAND in the anterior-
posterior polarization of the limb bud: implications for the Sonic
hedgehog pathway. Development 127, 2133–2142.
Francis, P.H., Richardson, M.K., Brickell, P.M., Tickle, C., 1994. Bone
morphogenetic proteins and a signalling pathway that controls pattern-
ing in the developing chick limb. Development 120, 209–218.
Ghyselinck, N.B., Dupe´, V., Dierich, A., Messaddeq, N., Garnier, J.-M.,
Rochette-Egly, C., Chambon, P., Mark, M., 1997. Role of the retinoic
acid receptor beta (RAR) during mouse development. Int. J. Dev.
Biol. 41, 425–447.
Kastner, P., Mark, M., Chambon, P., 1995. Nonsteroid nuclear receptors:
What are genetic studies telling us about their role in real life? Cell 83,
859–869.
Mangelsdorf, D.J., Umesono, K., Evans, R.M., 1994. The retinoid recep-
tors, in: Sporn, M.B., Roberts, A.B., Goodman, D.S. (Eds.), The Reti-
noids: Biology, Chemistry, and Medicine, 2nd Edition, Raven Press,
Ltd., New York, pp. 319–349.
Mendelsohn, C., Ruberte, E., LeMeur, M., Morriss-Kay, G., Chambon, P.,
1991. Developmental analysis of the retinoic acid-inducible RAR-2
promoter in transgenic animals. Development 113, 723–734.
Mic, F.A., Haselbeck, R.J., Cuenca, A.E., Duester, G., 2002. Novel retinoic
acid generating activities in the neural tube and heart identified by
conditional rescue of Raldh2 null mutant mice. Development 129,
2271–2282.
Molotkov, A., Deltour, L., Foglio, M.H., Cuenca, A.E., Duester, G., 2002a.
Distinct retinoid metabolic functions for alcohol dehydrogenase genes
Adh1 and Adh4 in protection against vitamin A toxicity or deficiency
revealed in double null mutant mice. J. Biol. Chem. 277, 13804–13811.
Molotkov, A., Fan, X., Deltour, L., Foglio, M.H., Martras, S., Farre´s, J.,
Pare´s, X., Duester, G., 2002b. Stimulation of retinoic acid production
and growth by ubiquitously-expressed alcohol dehydrogenase Adh3.
Proc. Natl. Acad. Sci. USA 99, 5337–5342.
Napoli, J.L., 1999. Interactions of retinoid binding proteins and enzymes in
retinoid metabolism. Biochim. Biophys. Acta Mol. Cell Biol. Lipids
1440, 139–162.
Niederreither, K., Subbarayan, V., Dolle´, P., Chambon, P., 1999. Embry-
onic retinoic acid synthesis is essential for early mouse post-implanta-
tion development. Nat. Genet. 21, 444–448.
Niederreither, K., Vermot, J., Schuhbaur, B., Chambon, P., Dolle´, P., 2002.
Embryonic retinoic acid synthesis is required for forelimb growth and
anteroposterior patterning in the mouse. Development 129, 3563–3574.
Noji, S., Nohno, T., Koyama, E., Muto, K., Ohyama, K., Aoki, Y., Tamura,
K., Ohsugi, K., Ide, H., Taniguchi, S., Saito, T., 1991. Retinoic acid
induces polarizing activity but is unlikely to be a morphogen in the
chick limb bud. Nature 350, 83–86.
Power, S.C., Lancman, J., Smith, S.M., 1999. Retinoic acid is essential for
shh/hoxd signaling during rat limb outgrowth but not for limb initia-
tion. Dev. Dyn. 216, 469–480.
Riddle, R.D., Johnson, R.L., Laufer, E., Tabin, C., 1993. Sonic hedgehog
mediates the polarizing activity of the ZPA. Cell 75, 1401–1416.
Rossant, J., Zirngibl, R., Cado, D., Shago, M., Gigue`re, V., 1991. Expres-
sion of a retinoic acid response element-hsplacZ transgene defines
specific domains of transcriptional activity during mouse embryogen-
esis. Genes Dev. 5, 1333–1344.
Rudnicki, M.A., Schnegelsberg, P.N.J., Stead, R.H., Braun, T., Arnold,
H.-H., Jaenisch, R., 1993. MyoD or Myf-5 is required for the formation
of skeletal muscle. Cell 75, 1351–1359.
Scaal, M., Bonafede, A., Dathe, V., Sachs, M., Cann, G., Christ, B.,
Brand-Saberi, B., 1999. SF/HGF is a mediator between limb patterning
and muscle development. Development 126, 4885–4893.
Schmidt, C., Bladt, F., Goedecke, S., Brinkmann, V., Zschiesche, W.,
Sharpe, M., Gherardi, E., Birchmeier, C., 1995. Scatter factor/hepato-
cyte growth factor is essential for liver development. Nature 373,
699–702.
Shang, E.Y., Lai, K., Packer, A.I., Paik, J., Blaner, W.S., Vieira, M.D.,
Gouras, P., Wolgemuth, D.J., 2002. Targeted disruption of the mouse
cis-retinol dehydrogenase gene: visual and nonvisual functions. J. Lipid
Res. 43, 590–597.
Stoker, M., Gherardi, E., Perryman, M., Gray, J., 1987. Scatter factor is a
fibroblast-derived modulator of epithelial cell motility. Nature 327,
239–242.
Stratford, T., Horton, C., Maden, M., 1996. Retinoic acid is required for the
initiation of outgrowth in the chick limb bud. Curr. Biol. 6, 1124–1133.
Thaller, C., Eichele, G., 1987. Identification and spatial distribution of
retinoids in the developing chick limb bud. Nature 327, 625–628.
Wanek, N., Gardiner, D.M., Muneoka, K., Bryant, S.V., 1991. Conversion
by retinoic acid of anterior cells into ZPA cells in the chick wing bud.
Nature 350, 81–83.
Wilkinson, D.G., 1992. Whole mount in situ hybridization of vertebrate
embryos, in: Wilkinson, D.G. (Ed.), In Situ Hybridization: A Practical
Approach, IRL Press, Oxford, pp. 75–83.
Yang, X.M., Vogan, K., Gros, P., Park, M., 1996. Expression of the met
receptor tyrosine kinase in muscle progenitor cells in somites and limbs
is absent in Splotch mice. Development 122, 2163–2171.
201F.A. Mic, G. Duester / Developmental Biology 264 (2003) 191–201
